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[11 The winter anomaly (or seasonal anomaly) at middle latitudes is a phenomenon
during which the daytime plasma density at the F-peak height (NmF,) is greater in winter
than in summer. Radio occultation measurements from the Constellation Observing
System for Meteorology, Ionosphere, and Climate (COSMIC) satellites provide a new data
source for study of the winter anomaly on a global scale. In this study we investigate
the altitude, local time, latitude, longitude, and hemispheric variations of the electron
density in the middle-latitude ionosphere by analyzing the COSMIC data measured in
2007 during a magnetically quiet period (Kp < 3). The seasonal mean behavior of the
NmF, obtained from COSMIC data shows the occurrence of the winter anomaly feature
during 0800-1600 LT in the Northern Hemisphere but not in the Southern Hemisphere.
The intensity of the winter anomaly is variable with longitude, and a more intense
winter anomaly is likely to occur at longitudes closer to the magnetic pole. At northern
middle latitudes, a greater electron density in the winter than in the summer occurs in
the narrow altitude range near the F-peak height. Except for the winter anomaly feature at
northern middle latitudes, the electron density at middle latitudes is greater during the

summer than during the winter in both hemispheres.
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1. Introduction

[2] Annual or seasonal behaviors of the ionospheric
plasma density that deviate from the solar zenith angle
dependence are classified into “winter anomaly,” “annual
anomaly,” and “semiannual anomaly.” The winter anomaly
(also called the seasonal anomaly), often observed at middle
latitudes, is a phenomenon during which the daytime elec-
tron density at F-peak height (NmF,) is greater in winter
than in summer. The annual anomaly (also called the annual
asymmetry (Al) or nonseasonal anomaly) is a phenomenon
during which NmF, combined from both hemispheres is
greater during the December solstice than during the June
solstice. The semiannual anomaly is a phenomenon during
which the NmF, is greater during equinoxes than during
solstices. Since the first report of the annual anomaly phe-
nomenon by Berkner and Wells [1938], characteristics of
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the ionospheric anomalies and their driving mechanisms
have been extensively investigated using ground- and space-
based observations and carrying out model simulations
[Yonezawa and Arima, 1959; King, 1961; Rishbeth and Setty,
1961; Duncan, 1969; Yonezawa, 1971; Torr and Torr, 1973;
Mayr et al., 1978; Millward et al., 1996; Balan et al., 1997,
Rishbeth, 1998; Su et al., 1998; Rishbeth et al., 2000; Zou
et al., 2000; Mendillo et al., 2005; Pavlov and Pavlova,
2005, 2009; Rishbeth and Miiller-Wodarg, 2006; Zhao
et al., 2007; Zeng et al., 2008; Liu et al., 2009; Paviov
et al., 2010].

[3] The annual anomaly has been studied using ground
ionosonde NmF, data [Yonezawa and Arima, 1959;
Yonezawa, 1971; Torr and Torr, 1973; Rishbeth et al.,
2000; Zou et al., 2000; Rishbeth and Miiller-Wodarg,
2006], total electron content (TEC) data [Titheridge and
Buonsanto, 1983; Mendillo et al., 2005; Zhao et al.,
2007], and NmF, retrievals from the Constellation
Observing System for Meteorology, Ionosphere, and Cli-
mate (COSMIC) radio occultation measurements [Zeng
et al, 2008; Liu et al., 2009]. The annual anomaly also
exists in the topside at low latitudes as observed by the
Hinotori [Su et al., 1998] and COSMIC [Liu et al., 2009]
satellites. Variation of the solar flux onto the Earth due
to variation in the Sun-Earth distance (perihelion in the
December solstice and aphelion in the June solstice) causes
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the annual anomaly in NmF,, but the observed intensity of
the annual anomaly (30% NmF), difference between the
December and the June solstices) far exceeds the 7% dif-
ference predicted by the annual variation of the Sun-Earth
distance [Rishbeth and Miiller-Wodarg, 2006]. The seasonal
differences in the thermospheric neutral composition [e.g.,
Mendillo et al., 2005; Rishbeth and Miiller-Wodarg, 2006]
and the magnetic field configuration [Zeng et al., 2008] are
suggested to be additional drivers of the annual anomaly,
but the observed intensity of the annual anomaly has not yet
been fully explained by any mechanism.

[4] The semiannual anomaly is known to be pronounced
at low latitudes and at southern middle latitudes during
low solar activity [Yonezawa, 1971; Torr and Torr, 1973].
Millward et al. [1996] explained the longitudinal and
hemispheric variation of the semiannual anomaly by the
combined effect of solar zenith angle and offset of the
geographic pole from the magnetic pole. In the region far
from the magnetic pole the neutral composition change
associated with energy deposition into the auroral region is
small. In that region the ionospheric plasma density is pri-
marily influenced by the solar zenith angle. The effect of the
solar zenith angle on the ionospheric plasma density exceeds
the effect of neutral composition during equinox and causes
the greater plasma density during equinox than during sol-
stices. Fuller-Rowell [1998] proposed that the semiannual
variation of the neutral composition is caused by the sea-
sonal difference in atmospheric mixing induced from the
global thermospheric circulation. Asymmetric hemispheric
heating of the atmosphere during solstices induces the global-
scale interhemispheric thermospheric circulation [Fuller-
Rowell, 1998; Rishbeth and Miiller-Wodarg, 1999; Rishbeth
et al., 2000]. In this situation heavy molecular gases are
stirred up and their number density increases in the F region
(decrease in the ratio of oxygen number density to molecular
nitrogen number density; O/N, ratio) during solstices. The
solar heating is symmetric in equinoxes and the turbulent
mixing is relatively weaker compared to that in solstices. As a
result, the O/N; ratio is greater during equinox than during
solstices and produces the semiannual anomaly in thermo-
spheric neutral composition [Fuller-Rowell, 1998].

[5] The winter anomaly has been investigated using Nm#),
data from ground ionosondes [Yonezawa, 1971; Torr and
Torr, 1973; Zou et al., 2000; Yu et al., 2004; Rishbeth and
Miiller-Wodarg, 2006; Pavlov and Pavlova, 2009; Pavlov
et al., 2010]. Torr and Torr [1973] provided the global
map of the winter anomaly using Nm/F, data from world-
wide ionosonde stations. Their results show that the winter
anomaly is more pronounced during the solar maximum
period and in the Northern Hemisphere than it is during
the solar minimum period and in the Southern Hemisphere.
The results of Torr and Torr [1973] may not determine the
intensity of the winter anomaly accurately because they did
not exclude the data during magnetically disturbed periods
[Pavlov and Pavlova, 2009]. However, the TEC data derived
from the Ocean Topography Experiment (TOPEX) satellite
show similar hemispheric and solar cycle dependence of the
winter anomaly during the magnetically quiet condition
(mean Kp ~ 1.7) [Jee et al., 2004]. Observations made by the
middle and upper atmosphere (MU) radar at Shigaraki
(34.85°N, 136.10°E) in Japan show the gradual disappear-
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ance of the winter anomaly feature with an increase in alti-
tude above the F-peak height [Balan et al., 1998, 2000;
Kawamura et al., 2002]. The winter anomaly is known to
be associated with the seasonal and hemispheric change in
the thermospheric neutral composition [King, 1961; Rishbeth
and Setty, 1961; Lumb and Setty, 1976; Rishbeth, 1998;
Rishbeth and Miiller-Wodarg, 1999, 2006; Rishbeth et al.,
2000, 2004; Yu et al., 2004]. The summer-to-winter inter-
hemispheric wind is suggested to be the source of the neutral
composition change [King, 1964]. Duncan [1969] discussed
the seasonal and stormtime behavior of the F layer in asso-
ciation with the neutral composition change that resulted
from the global thermospheric wind circulation. The seasonal
change in neutral composition has been identified by ground-
based radar and satellite observations [Alcaydé et al., 1974;
Hedin and Alcaydé, 1974; Mendillo et al., 2005]. The sea-
sonal variation of the vibrationally excited N, and O, number
densities owing to higher vibrational temperature in winter
than in summer [Thomas, 1968; Strobel and McElroy, 1970;
Pavlov and Paviova, 2005], and of the electronically excited
O" ion number density [Paviov and Paviova, 2009], also
contributes to the winter anomaly in the F' layer. However,
the contribution of the vibrationally excited molecular gases
to the F-layer winter anomaly is 20%—40% [Torr et al., 1980;
Paviov and Pavlova, 2005]. This rate decreases with solar
activity [Pavlov and Pavlova, 2009].

[6] Our knowledge of the winter anomaly obtained from
the ground observations of NmF, and TEC is limited to
areas over continents (mostly in the Northern Hemisphere).
Ionospheric observations by incoherent scatter radar (ISR)
provide rich information on the ionosphere at local regions,
but there are no ISR observations at middle and high lati-
tudes in the Southern Hemisphere. Study of the winter
anomaly using NmF, and TEC data limits our knowledge
of the anomalous seasonal behavior of the ionosphere to the
F-peak height; investigation of the seasonal behavior of the
ionosphere below and above the F-peak height is necessary
to identify the altitudinal range where the winter anomaly
phenomenon occurs. Radio occultation measurements from
COSMIC satellites provide a new data source for the inves-
tigation of temporal and spatial variability of the winter
anomaly on a global scale and the altitudinal range at which
the anomalous feature occurs. Longitudinal and altitudinal
variations in the annual and winter anomalies have been
deduced from global maps of the COSMIC data in previous
studies [Zeng et al., 2008; Liu et al., 2009], but these studies
were limited to a noon time frame, with an emphasis on the
equatorial ionization anomaly (EIA). There have been no
dedicated studies of the middle-latitude winter anomaly
using the COSMIC data.

[7] In this study we examine the variation of the winter
anomaly feature with hemisphere, local time, altitude, latitude,
and longitude during low-solar-activity periods by analyzing
the COSMIC data for the year 2007. The electron den-
sity profiles with height provided by COSMIC enable us to
determine the altitudinal range at which the anomalous
behavior occurs. In section 2 we briefly describe the COSMIC
data. In section 3 we examine the variation in the winter
anomaly feature with latitude, local time, longitude, and alti-
tude by analyzing the COSMIC data. COSMIC results are
validated by comparison with ionosonde data. In section 4
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we discuss the driving mechanisms of the winter anomaly
at middle latitudes. Conclusions are given in section 5.

2. COSMIC Data Description

[8] COSMIC consists of six satellites launched into a
circular orbit on 15 April 2006. Currently, the satellite orbits
are at an altitude of 800 km with an inclination angle of 72°.
Longitudinal separation between the satellites is 30°. Radio
occultation measurements from the Global Positioning
System (GPS) occultation experiment (GOX) payload [Lei
et al., 2007] provide about 1500-2300 electron density
profiles per day in the 50 to 800 km altitude range. Detailed
descriptions of retrieval of the electron density from the GPS
radio occultation data is provided and Lee et al. [2007] and
Lei et al. [2007]. COSMIC data are available from the
COSMIC Data Analysis and Archival Center (http://cosmic-
io.cosmic.ucar.edu/cdaac/).

[v] COSMIC data arrays are produced as a function of
geographic longitude, geographic latitude, local time, and
altitude, with bin sizes of 5°, 5°, 1 h, and 5 km, respectively.
Later, the geographic latitude is converted into the magnetic
latitude. COSMIC data arrays are produced using the data
from 2007 under Kp < 3. The year 2007 was in the
decreasing phase of the solar cycle close to the solar mini-
mum (annual average Fq, index = 73). Observations in
January and December 2007 are used as representative of
the December solstice, and observations in June and July
2007 are used as representative of the June solstice. We used
the data from January 2007 and 2007 instead of during
December 2006 and January 2007 to minimize the solar
cycle effect. The mean F 5 indexes during the December
and June solstices in 2007 were 78 and 75, respectively.
NmF, shows a linearly increasing trend with an increase in
Fi07 index [Oliver et al., 2008]. The difference in the Fg 7
indexes that we inferred from the result of Oliver et al.
[2008] causes about a 2% difference in NmF, during the
December and June solstices in 2007. Figure 1 shows the
longitudinally integrated number of the COSMIC data as
a function of local time (1 h bin) and magnetic latitude
(20° bin) during the December (Figures 1a and 1b) and June
(Figures 1c and 1d) solstices. The data distribution is not
even with local time during the December solstice. Noon-
time measurements at northern latitudes in December are
rare and statistically underrepresented compared to mea-
surements at other times, but note that the number of
noontime data points at northern latitudes in December is
not that small (95). The observation of similar climatology
of the middle-latitude ionosphere from the analysis of
COSMIC data in 2007 and 2008 (2008 results were not
shown) indicates that the relatively small number of data
near noontime at northern latitudes in December does not
cause any bias in our results.

3. Results

[10] The global morphology of the ionosphere is examined
by averaging the data with magnetic longitude. Figure 2
shows the electron density distribution at the F-peak height
(left) and at a 500 km altitude (right) as a function of mag-
netic latitude during the December (Figures 2a and 2d)
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and June (Figures 2b and 2e) solstices. A comparison of
Figures 2a and 2b shows that the daytime Nm/F, at low
latitudes is greater during the December solstice than during
the June solstice. EIAs are developed during the day at the
F-peak height. During the December solstice (Figure 2a),
the EIA appears earlier in the morning and disappears earlier
in the afternoon at northern magnetic latitudes compared to
its appearance at southern magnetic latitudes. This trend is
reversed in the hemisphere during the June solstice. If the
formation of the EIA is controlled purely by vertical plasma
drift, the EIA may maintain hemispheric symmetry. The
hemispheric difference in the EIA morphology indicates that
other factors such as neutral winds, neutral composition, and
solar zenith angle affect the formation of the EIA. Because
the EIA is a dominant feature in the density plots, seasonal
and hemispheric variations of the electron density are not
clearly visible at middle latitudes. Figure 2c presents the
NmF, difference between the December and the June sol-
stices normalized by the density during the December solstice
(DEC —JUN)/DEC. The density difference map shows that
the NmF, at southern magnetic latitudes is greater during
the December solstice (southern summer) than during the
June solstice (southern winter) at all local times. At northern
magnetic latitudes the NmF, during daytime (0800—1600 LT)
is greater during the December solstice (northern winter) than
during the June solstice (northern summer). Thus the winter
anomaly feature appears during daytime at northern magnetic
latitudes but not at southern magnetic latitudes. The absence
of the winter anomaly feature in the Southern Hemisphere
may be related to the weakening of the winter anomaly during
the decreasing phase of the solar cycle. Reductions in the
intensity and spatial range of the winter anomaly were iden-
tified during low-solar-activity periods in previous studies
[Torr and Torr, 1973; Jee et al., 2004].

[11] We note that the anomalous behavior at middle lati-
tudes is not purely described by the winter anomaly; strictly
speaking, our figures present the sum of the winter and
annual anomalies. The contribution of the annual anomaly
makes the winter anomaly feature appear stronger in the
Northern Hemisphere and weaker (or disappear) in the
Southern Hemisphere. The intensity of the annual anomaly
is examined using the Al index defined by Rishbeth and
Miiller-Wodarg [2006]:

_ NmF5(N +8)p,,—NmF> (N + S)

Al =
Nsz(N+S)DeC+NmF2(N+S)

Jun7 (1)

Jun

where N and § indicate the Northern and Southern Hemi-
spheres, respectively. Using the COSMIC NmF, data at 0°—
60° magnetic latitude, we obtained an Al index of 0.11
(December/June ratio: 1.23). The AI index obtained by
Mendillo et al. [2005], using the global GPS TEC data for
2002, was 0.15 (December/June ratio: 1.35). The Al index
obtained by Zeng et al. [2008], using the COSMIC NmF} in
2006, was 0.14 (December/June ratio: 1.3). A comparison of
the Al indexes in 2002, 2006, and 2007 shows that the Al
index decreases with a decrease in solar activity. However,
the small change in the Al index does not prove the solar
cycle dependence of the intensity of the annual anomaly.
Yonezawa [1971] suggested that the annual anomaly gets
stronger with a decrease in solar activity, but Rishbeth and
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Figure 1. Constellation Observing System for Meteorology, lonosphere, and Climate (COSMIC) data
distribution as a function of local time and magnetic latitude during the (a, b) December and (c, d) June

solstices. Data numbers are longitudinally integrated.

Miiller-Wodarg [2006] reported higher Al index during
solar maximum than during solar minimum. The derived Al
index is variable depending on various factors, including
ionospheric parameters (e.g., NmF,, TEC), their measure-
ment techniques, and the selection of the local time, latitude,
and longitude ranges. Analysis of longer-term COSMIC
data may enable a more rigorous investigation of the
dependence of the annual anomaly on solar activity.

[12] At 500 km altitude (Figures 2d and 2e), the electron
density at low latitudes is higher during the December sol-
stice than during the June solstice. The northern and
southern EIAs are not separable at this altitude. The F-peak
height is below 300 km during daytime (see Figure 5), and
the observations at an altitude of 500 km represent the
topside ionospheric morphology. The topside plasma den-
sity is greater in the summer hemisphere than in the winter
hemisphere; thus the behavior of the electron density at
500 km is not anomalous. The different behavior of the
ionosphere at the F peak and topside has been identified in
various observations [Balan et al., 1997, 2000; Su et al.,
1998; Bailey et al., 2000; Kawamura et al., 2000, 2002;
Kil et al., 2006; Liu et al., 2007a, 2007b]. As we show in
Figure 5 the electron density below the F' peak at middle
latitudes is also greater during summer than during winter.

[13] Longitudinal variation of the winter anomaly feature
at middle latitudes is examined using the mean Nm#F, during
1000-1500 LT. The percentage difference in NmF, between
the December and the June solstices, (DEC-JUN)/DEC, is

presented in Figure 3. In Figure 3a the squares (blue) rep-
resent the mean density at 40°—60° southern magnetic lati-
tudes, and the asterisks (red) represent the mean density at
40°-60° northern magnetic latitudes. Vertical bars are the
standard deviations. Figure 3b presents the median values
with the lower (25%) and higher (75%) quartiles (dotted
lines). Locations of the northern and southern magnetic
poles in 2007 are indicated by the dotted red line (236.8°E)
and the dotted blue line (137.6°E), respectively. The good
agreement of the mean and median values may indicate that
the nonuniform distribution of the COSMIC data during
December solstice does not cause a serious bias to our re-
sults. The longitudinal variation of the NmF, difference
between the December and the June solstices shows a
dependence on the location of the magnetic poles. At the
southern magnetic latitude (blue square), the percentage
difference in NmF), is smaller at longitudes closer to the
southern magnetic pole (although its minimum does not
exactly match the location of the southern magnetic pole). A
similar trend in the association with the location of the
northern magnetic pole is observed at the northern magnetic
latitude (red asterisks). Note that regions with smaller values
of the percentage difference in NmF), at southern magnetic
latitude and regions with larger values of it at northern
magnetic latitude are more likely to occur for the winter
anomaly. Along that line, the winter anomaly is more likely
to occur in regions whose longitude is closer to the magnetic
poles (southern magnetic pole at southern magnetic latitude
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Figure 2. Diurnal and latitude variations of the longitude-mean electron density during the December
and June solstices in 2007 observed by COSMIC. (a) NmF, during the December solstice. (b) NmF, dur-
ing the June solstice. (¢) NmF, difference between the December and the June solstices normalized by the
NmF, during the December solstice. (d—f) The same for the electron density at 500 km altitude. Note the

different density scales in the left and right columns.

and northern magnetic pole at northern magnetic latitude).
Our result is consistent with previous studies [Torr and
Torr, 1973; Rishbeth, 1998] that showed the occurrence of
the winter anomaly in the longitude region close to the
magnetic pole during a period of low solar activity.
Observation of the similar behavior of the percentage Nm#F,
difference in 2008 (data not shown) indicates that the lon-
gitudinal variation of the winter anomaly feature identified
in Figure 3 is realistic.

[14] The dependence of the intensity of the winter
anomaly on the location of the magnetic pole is explained
by the dependence of the thermospheric neutral composition
on the location of the magnetic pole. Convergence of the
poleward wind induced by the summer-to-winter wind cir-
culation and the equatorward wind induced by the heating
of auroral region causes a downwelling of atmosphere in
middle latitudes of the winter hemisphere. Downwelling of
atmosphere and its resulting effect (increase in O/N; ratio)
are stronger in the longitude region close to the magnetic
pole than in the longitude region far from the magnetic pole
[Millward et al., 1996; Rishbeth, 1998]. In the longitude
region close to the magnetic pole the effect of neutral com-
position on the plasma density is more significant than the
effect of solar zenith angle during winter [Rishbeth, 1998].

[15] We investigate the variation of electron density pro-
files with magnetic latitude by using the averaged electron

density profiles with magnetic longitude during daytime
(1000-1500 LT). Figure 4 shows the electron density pro-
files during the December (solid line) and June (dashed line)
solstices at northern (a) and southern (b) magnetic latitudes.
The magnetic latitude increases from left to right. At the
northern magnetic latitudes the transition height (the height
in the topside where the electron densities during the June
and December solstices reverse) decreases with an increase
in latitude. Decrease in the F-peak height toward the poles
can be explained by the effect of poleward wind during the
daytime. The decrease in the transition height with latitude
is related to the decrease in the F-peak height in both sea-
sons. A greater electron density in the winter than in the
summer occurs in a narrow altitude range near the F-peak
height at northern middle latitudes. The electron density is
greater overall during the December solstice than during the
June solstice at southern middle latitudes.

[16] The behavior of the electron density with altitude and
local time is presented in Figure 5. The longitudinal mean
vertical electron density profiles are obtained for each hour
bin by using the data for the 40°-60° northern (Figures 5a
and 5b) and southern (Figures 5c and 5d) magnetic lati-
tudes. Dashed white lines indicate the F-peak height.
Focusing on the region near the F-peak height during day-
time, we find that the electron density is greater during the
December solstice (Figures 5a and 5c) than during the June
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Figure 3. Longitudinal variation in the daytime winter
anomaly indicator, (DEC—JUN)/JUN, observed by COS-
MIC. (a) The mean NmF, for each longitude bin is calcu-
lated using data at 1000—-1500 LT and 40°-60°S (blue
squares) and 40°—60°N (red asterisks) at magnetic latitude.
Vertical bars are standard deviations. Locations of magnetic
poles in Northern and Southern Hemispheres are indicated
by the dotted red line (276.8°E) and dotted blue line
(137.6°E), respectively. (b) Median NmF, with the same
format. Dotted lines indicate the lower (25%) and higher
(75%) quartiles, respectively.

solstice (Figures 5b and 5d) in both hemispheres. At northern
middle latitudes (Figures 5a and 5b) the electron density
is greater overall during the June solstice than during the
December solstice, if the winter anomaly feature near the F-
peak height is ignored. Therefore, the seasonal anomalous
behavior is a phenomenon only near the F-peak height in the
Northern Hemisphere. MU radar observations at Shigaraki
show similar altitude variation of electron density during
solstices at northern middle latitude [Balan et al., 1997, 2000;
Kawamura et al., 2002]; the electron density is higher in
summer that in winter above 350 km. At southern middle
latitudes (Figures 5c and 5d) the seasonal difference in
electron density is much more pronounced compared to that
at northern middle latitudes. The electron density higher
during the December solstice than during the June solstice at
all local times and altitude ranges. The winter anomaly fea-
ture is not seen at southern middle latitudes.

[17] We note that the absence of the winter anomaly
feature at southern middle latitudes is based on the mean
behavior of the middle-latitude ionosphere during the solar
minimum period. Paviov and Paviova [2009] reported that
the winter anomaly in NmF’, has been seen in the Southern
Hemisphere (Argentine Islands) during periods of low solar
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activity. Their result, obtained by comparing the Nm#F,
during summer and winter under the same solar flux con-
ditions, shows that the occurrence probability of the winter
anomaly (winter/summer NmF, ratio > 1) is >8% during
periods of low solar activity (97 < 100). The percentage
occurrence of the winter anomaly increases with an increase
in solar activity. The result of Pavilov and Paviova [2009]
indicates that the occurrence of the winter anomaly is var-
iable from hour to hour or day to day. However, we point
out that the winter anomaly features observed for a few days
within a period of a month can be caused by the day-to-day
variation in the ionosphere. The mechanism that causes the
day-to-day variation can be different from the mechanism
that causes the winter anomaly. The winter anomaly phe-
nomenon describes the monthly or seasonal behavior of the
ionosphere. Our study, based on the seasonal mean plasma
density, does not detect the day-to-day variability of the
winter anomaly but properly describes the seasonal mean
behavior of the ionosphere.

[18] The height of the F peak is greater at night than
during the day in both hemispheres. The wind component
parallel to the magnetic field obtained from Horizontal Wind
Model 93 (HWM93) [Hedin et al., 1996] shows that the
wind at middle latitude is equatorward during approximately
1800—-0600 LT in both hemispheres. The observations from
MU radar show seasonal wind patterns similar to those
observed by HWM93 [Kawamura et al., 2000, 2002].
Equatorward wind raises the F-layer height, but the F-layer
height also rises at night owing to the loss of oxygen ions
even in the absence of the equatorward wind. Loss of
oxygen ions by reaction with molecular gases (0" +N, —
NO" +N, O" +O, — 03 +0) and subsequent dissociative
recombination of molecular ions (NO*" + ¢ — N+O, O3 +
e — 0O+0) occur faster at lower altitudes owing to an
increase in molecular gases with decreasing altitude. Faster
loss of oxygen ions at lower altitudes, in the absence of
photoionization, gives an effect of the F-peak height increase.

[19] An interesting feature during the June solstice (Figure
5b) is the occurrence of the electron density peak near 2000
LT. This phenomenon is not explained by the chemical
process because, as already described, the increase in the F-
peak height owing to the chemical process accompanies the
electron density decrease in the F-peak height. Equatorward
wind is the likely mechanism of the electron density
increase around 2000 LT. The F region at northern middle
latitudes is still in the sunlit side at 2000 LT during the June
solstice. In the presence of photoionization, uplift of the
ionosphere by equatorward wind causes a significant
increase in electron density due to a reduction in the
recombination reaction rate between O' and molecular
gases. The situation is different during winter. The electron
density increase at night is not seen during the December
solstice (Figure 5a). The F region at northern middle lati-
tudes is on the darkside before 1800 LT during the
December solstice. In the absence of photoionization, uplift
of the ionosphere by equatorward wind does not cause a
significant increase in electron density. At southern middle
latitudes the electron density increase around 2000 LT is not
obvious during the summer (December solstice) (Figure 5c).
The premidnight electron density increase during summer
may be invisible at southern middle latitudes owing to the
predominant electron density during daytime. However, we
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Figure 4. Latitude variation of longitude-mean electron density profiles in the (a) Northern and
(b) Southern Hemispheres observed by COSMIC. Mean vertical electron density profiles for each latitude
bin are calculated using data at 1000—-1500 LT. Electron density profiles during the December and June
solstices are represented by solid and dashed lines, respectively.

cannot rule out a hemispheric difference in the nighttime variability of the nighttime middle-latitude ionosphere, the
ionosphere. We note that the nighttime electron density at reader is referred to the references cited here.

middle latitudes is largely variable with longitude [Horvath [20] We compare the seasonal behavior of NmF, observed
and Essex, 2003; Horvath, 2006; Luan et al., 2008; Jee et by COSMIC with the ionosonde data. Figure 6a shows
al., 2009; Lin et al., 2009]. For further discussion of the the locations of the selected ionosonde stations: Wakkanai

Altitude (km)

(141.7°E, 45.4°N), Dyess (260.3°E, 32.5°N)), Camden (150.7°E,

Northern Hemisphere  x10°cm* ¢ Southern Hemisphere  x10°cm?

4 8

12 16 20 24 0 4 8 12 16 20 24
Local Time (hour) Local Time (hour)

Figure 5. Diurnal and altitude variations of the longitude-mean electron density at middle latitudes
observed by COSMIC. Observations in (a, b) the Northern Hemisphere and (c, d) the Southern Hemi-
sphere during the December and June solstices. Dashed white lines indicate the F-peak height.
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Figure 6. Seasonal and diurnal variations in Nm#, at mid-
dle latitudes observed by ionosondes in 2007. (a) Locations
of ionosonde stations. NmF, data at (b) Wakkanai,
(c) Dyess, (d) Camden, and (e) Port Stanley. Nm#, data dur-
ing the December and June solstices are represented by red
asterisks and blue squares, respectively.

34.0°S), and Port Stanley (302.2°E, 51.7°S). Magnetic
latitudes are shown by dotted lines at 30° intervals. Stations in
the Northern and Southern Hemispheres are approximately
magnetic conjugates. Mean NmF, values during the June
(June and July 2007) and December (January and December
2007) solstices are shown by blue squares and red asterisks,
respectively. At the northern stations (Figures 6b and 6c), the
Nm#F;, is greater during the December solstice (winter) than
during the June solstice (summer) between 0800 and 1600 LT.
The local time range during which the winter anomaly fea-
ture occurs is consistent with the observations by COSMIC.
The occurrence of the NmF, peak near 2000 LT during the
June solstice at the northern stations is also consistent with
COSMIC observations. At the southern stations (Figures 6d
and 6e) the NmF;, is greater during the December solstice
(summer) than during the June solstice (winter) at all local
times except for a few hours early in the morning at Camden.
We investigated the local time variation of the ionosonde
NmF, at Camden and Port Stanley during the solar maximum
period (year 2001; results not presented). The winter anomaly

LEE ET AL.: WINTER ANOMALY DURING SOLAR MINIMUM

A02302

feature did not appear at Port Stanley at any local time, but a
weak winter anomaly appeared during daytime at Camden.
The winter anomaly at the northern stations was more pro-
nounced during the solar maximum period than during the
solar minimum period, consistent with previous observations
[Yonezawa and Arima, 1959; Yonezawa, 1971, 1972; Torr
and Torr, 1973].

4. Discussion

[21] The seasonal variation of the thermospheric neutral
composition has been suggested to be the major source of
the winter anomaly [Rishbeth and Setty, 1961; Duncan,
1969; Lumb and Setty, 1976; Balan et al., 1998; Rishbeth,
1998; Rishbeth and Miiller-Wodarg, 1999, 2006; Rishbeth
et al, 2000, 2004; Yu et al., 2004]. Upwelling of the
atmosphere in summer and downwelling in winter and the
summer-to-winter wind circulation induce different thermo-
spheric neutral compositions between summer and winter.
In summer an increase in molecular gases in the F region
owing to upwelling increases the reaction of O with
molecular gases, resulting in a plasma density decrease. The
opposite process occurs in winter, resulting in a plasma
density increase. The seasonal variation in the number den-
sity of the vibrationally excited molecular gases (N, and O,)
and electronically excited O also contributes to the genera-
tion of the winter anomaly [Thomas, 1968; Strobel and
McElroy, 1970; Torr et al., 1980; Pavlov and Paviova,
2005]. An increase in vibrationally excited molecular gases
causes a plasma density decrease because the reaction rate of
O with vibrationally excited molecular gases is much faster
than the reaction rate with unexcited molecular gases. The
production rate of vibrationally excited molecular gases
owing to collisions of unexcited N, and O, with thermal
electrons increases with an increase in electron temperature
[Paviov, 1998]. Because the electron temperature is higher in
summer than in winter, the number density of vibrationally
excited molecular gases in summer exceeds that in winter.
Both the neutral composition and the population of vibra-
tionally excited molecular gases vary with solar cycle, and
therefore, the intensity of the winter anomaly is dependent on
the solar cycle.

[22] COSMIC observations show that the daytime electron
density at middle latitudes is greater in summer than in winter
in both hemispheres except for the winter anomaly feature in
the Northern Hemisphere. The observation made by MU
radar at northern middle latitudes also shows that the daytime
electron density is greater during summer than during winter
except for the electron density near the F-peak height
[Kawamura et al., 2000]. The parameter that may explain the
greater electron density in summer than in winter in both
hemispheres is the solar zenith angle. In summer the effects
of the solar zenith angle and annual anomaly are out of phase
in the Northern Hemisphere, whereas they are in phase in the
Southern Hemisphere. As a result, the seasonal difference in
electron density is much more pronounced in the Southern
Hemisphere than in the Northern Hemisphere. The winter
anomaly feature may not appear at southern middle lati-
tudes if the harmonic effects of the annual anomaly and solar
zenith angle produce a predominantly greater electron density
during the December solstice (summer) than during the June
solstice (winter).
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[23] Note that the dependence of the electron density on
the solar zenith angle is a behavior predicted by the Chap-
man theory and, therefore, is not an anomalous behavior.
The exception to this seasonal behavior of the electron
density is the winter anomaly feature at northern middle lati-
tudes. The occurrence of a greater NmF, during the December
solstice than during the June solstice is consistent with the
prediction of the effect of neutral composition already
described. The question is why the seasonal behavior of the
ionosphere near the F-peak height is different from the
behavior below and above the F peak. Balan et al. [2000]
suggested that the winter anomaly does not appear in the
topside because the effect of neutral wind is more signifi-
cant than the effect of neutral composition in the topside.
However, there was no explanation for the different sea-
sonal behaviors of electron density in the lower F region and
at F-peak height. In addition to the chemical processes
associated with seasonal variations of solar flux, solar zenith
angle, and neutral composition, dynamic processes (plasma
transport by electric fields and neutral winds) may play a role
in the concentration of plasma in a narrow altitude range.
Neutral winds are an important source of the seasonal and
hemispheric variations in electron density, especially in the
topside [e.g., Su et al., 1998; Kawamura et al., 2002].
Although the effect of the vertical E x B drift on the winter
anomaly has not yet been considered seriously, any seasonal
and hemispheric differences in vertical E x B drift and
the combination of the effect of vertical E x B drift with
the effect of neutral winds will affect the formation of the
winter anomaly.

5. Conclusions

[24] We have investigated the seasonal behavior of the
middle-latitude ionosphere by analyzing COSMIC radio
occultation data during a near-solar-minimum period (year
2007). The COSMIC observation identifies an occurrence of
the winter anomaly feature during 0800-1600 LT in the
Northern Hemisphere but not in the Southern Hemisphere.
The intensity of the winter anomaly shows longitudinal
variation, and a more intense winter anomaly is likely to
occur in the longitude region closer to the magnetic pole.
Except for the winter anomaly feature near the F-peak
height in the Northern Hemisphere, the seasonal behavior of
the middle-latitude ionosphere (occurrence of greater elec-
tron density in summer than in winter) conforms to the
prediction using the solar zenith angle. The absence of the
winter anomaly in the Southern Hemisphere could be due to
either the weakening of the winter anomaly or the dominant
effect of the annual anomaly during a solar minimum period.
Analysis of COSMIC data collected during a broader period
of the solar cycle may provide further insight into the rela-
tionship between the annual and the winter anomalies during
a solar cycle.
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